in the zebrafish [32] [33] [34] [35] . Zebrafish microglia express mpeg1-driven transgenes 11,15,31-33 , and we 148 confirmed that microglia in retinas of mpeg1:nfsBeYFP zebrafish are YFP+ ( Fig 1A, 1B) , 149 indicating that these microglial populations are susceptible to ablation by metronidazole (Mtz) 150 treatment.
151
Since previous work has described a peak of developmental apoptosis in the zebrafish 152 retina around 72 hours post fertilization (hpf) 4 and microglial colonization of the zebrafish retina 153 beginning as early as 24 hpf 8 , we decided to perform our experiments to deplete microglia 154 during this initial peak of cell death and microglial colonization. To deplete microglia in the 155 developing retina, embryos carrying the mpeg1:nfsBeYFP transgene were immersed in 10 mM 156 Mtz from 24-72 hpf. Following this treatment, retinal microglia (which can be identified by co-157 label of mpeg1-driven reporter and the leukocyte marker L-plastin 3, 5, 34, 35 ) were reduced in 158 number, but not completely ablated (compare Fig 1A and 1B) . To better assess microglial 159 depletion with this system, we analyzed the morphology of YFP+ microglia in combination with 160 TUNEL staining and assigned each microglial cell as phagocytic or apoptotic ( Fig 1A' and 1B' ).
161
Phagocytic microglia were defined as YFP+ cells that displayed process extension(s) from the 162 cell body which often showed phagocytic pouches, those with apparent vacuoles with or without 163 TUNEL signal inside, those that appeared mobile, and/or those that did not have association 164 with TUNEL+ signal. (Fig 1A') . Apoptotic microglia were defined as YFP+ cells with collapsed 165 cytoplasm around TUNEL+ signal and a lack of vacuoles and extensions from the cell body.
166
( Fig 1B' ). All microglia in mpeg1:nfsBeYFP retinas treated with DMSO had phagocytic 167 morphology, while the remaining microglia in mpeg1:nfsBeYFP retinas treated with Mtz showed 168 both morphologies ( Fig 1C) . To determine the effective depletion of our system, and to ensure 169 that Mtz did not kill microglia non-specifically, we determined the number of phagocytic 170 microglia in retinas from mpeg1:nfsBeYFP fish (untreated, DMSO treated, or Mtz treated) and 171 mpeg1:GFP fish (treated with Mtz) ( Fig 1D) . This analysis revealed that microglial numbers in 172 mpeg1:nfsBeYFP retinas treated with Mtz were significantly reduced compared to the other groups ( Fig 1D) . It is worth noting that although significant, depletion varied in each sample ( Fig   174   1D ).
175
To examine accumulation of uncleared apoptotic cells in microglia-depleted retinas, we 176 analyzed numbers of TUNEL+ cells in whole retinas (Fig 2) . Increased total numbers of 177 TUNEL+ cells were detected in microglia-depleted retinas (Fig 2A, 2A' , 2B, 2B', 2C). Since 178 TUNEL+ puncta were often found associated with microglia due to phagocytosis or microglia 179 themselves that were dying in response to Mtz treatment ( Fig 1A', 1B') , we determined the 180 number of TUNEL+ that were not associated with microglia and therefore likely representing 181 uncleared dying cells. This analysis revealed that uncleared TUNEL+ cells were more 182 numerous in microglia depleted retinas ( Fig 2D) , indicating that microglial clearance of dying 183 cells in the developing retina likely masks the level of cell death that is detected at any single 184 timepoint. Gross retinal structure did not display obvious qualitative changes when microglia 185 were depleted as the cellular and plexiform layers of the developing retina were stereotypically 186 structured (Fig 2E, 2F ).
187
It is worth noting that our analysis in Fig 1C suggests persistence of phagocytic microglia 188 in mpeg1:nfsBeYFP retinas following Mtz treatment. It is possible that these remaining microglia 189 may increase their phagocytic load to compensate for overall reduced numbers. Therefore, 190 results from the mpeg1:nfsBeYFP system as utilized in our approach are difficult to fully 191 interpret and further highlight the difficulties in interpreting levels of apoptosis in the presence of 192 active phagocytosis. We therefore decided to use a live imaging approach to directly examine 193 microglial phagocytosis in the developing retina.
195
Rapid clearance of apoptotic cells by microglia in the developing zebrafish retina.
196
To date, direct, real-time observation of microglial phagocytosis of cells undergoing 197 developmental apoptosis in the retina is lacking. This is important to establish, as retinal Müller 198 glia have been suggested to clear apoptotic cells in a variety of animals [15] [16] [17] [18] [19] , while microglia in larval zebrafish eyes with induced, rod-specific cell death have been observed to engulf dying 200 rods 36 . In addition, the use of the zebrafish as a model for retinal degenerative disease is 201 gaining popularity, for which an understanding of normal microglial phagocytic behaviors is 202 required.
203
To directly observe clearance of apoptotic cells by retinal microglia in real-time, we used 204 in vivo time-lapse imaging. Imaging of the developing zebrafish retina is facilitated by the fact 205 that at the time of our analyses, the main volume of the eye consists nearly entirely of the lens 206 and retina ( Fig 3A) . Embryos expressing the mpeg1:mCherry transgene were immersed in Fig 4A) . Essentially all of these AO+ cells were observed to be already engulfed by 219 a microglial cell ( Fig 4B) . In fact, we most frequently observed that AO signal was initially 220 detected while already associated with a microglial cell, often inside of a phagosome (Movies 1 221 and 2, Fig 3B, Fig 3C, and Fig 4C) . Such observations indicate that engulfment of apoptotic 222 cells by microglia occurs upon, or just prior to, late stages of the apoptotic process. Detection of 223 AO signal in isolation (not already associated with a microglial cell) was only very rarely observed; such an event was only observed for one AO+ cell body in two of the six embryos 225 imaged ( Fig 4C) . Degradation of engulfed apoptotic cells, as assessed by the time from AO 226 signal detection (which was almost always already associated with a microglial cell) to 227 disappearance, varied on an individual cell basis, with some degraded as rapidly as 10 minutes, 228 and others as long as 120 minutes ( Fig 4D) .
229
During the 8 hours of live imaging, microglial cells in the retina were mobile and motile 230 (Movies 1 and 2), continuing active migration following phagocytosis of target cells.
231
Interestingly, engulfed AO+ cells were also observed to move dynamically while inside of 232 microglial cells, as microglial processes were retracted and/or the microglia continued to migrate 233 (Movie 1 and 2, Fig 3 and Fig 4E-H) . We used 3D tracking in Imaris to follow a subset of the 234 AO+ cells in the retina. We found that on average, engulfed AO+ cells moved at a speed of 1.5 235 micron/minute, which is consistent with previous reports of microglial migration and process 236 extension/retraction 20,43 . However, speeds varied on a per cell basis, with some moving as 237 quickly as 3-5 microns/minute and some slower than 1 micron/minute ( Fig 4G) . Although recent 238 work indicates that anesthesia may affect microglial motility in mice 44,45 , it is not clear if this also 239 has an effect in zebrafish. Nonetheless, movement of AO+ cells was only observed after 240 microglial engulfment. We also determined the displacement of AO+ cells from initial signal until 241 their disappearance ( Fig 4H) . Nearly all AO+ cells showed some measure of displacement, with 242 some moving as far as 40-70 microns from their initial location ( Fig 4H) .
244
Microglial sensing of apoptotic cells upon phosphatidyl serine (PtdSer) exposure.
245
Since AO is limited to detecting cells in late stages of apoptosis, and given rapid clearance of 
271
YFP and PtdSer was lost due to conditions in the microglial phagosome. Thus, we were not 272 able to directly compare signal duration of PtdSer+ and AO+ cells, as these two signals differed 273 temporally relative to microglial phagocytosis. In addition, microglia were observed to 274 sometimes probe, retract, then later engulf PtdSer+ cells, and sometimes engulf presumed processes on later attempts (Movies 3 and 4, Fig 5A) . Collectively, these observations confirm 276 that, as in the brain 20 , PtdSer exposure occurs before AO labeling of apoptotic cells in the 277 retina. Of note, we also observed microglia "nibbling" at PtdSer+ cells (Movie 3), probably 278 representing trogocytosis which has been recently described in microglial pruning of neuronal 279 synapses 55 .
280
Quantification of the total number of YFP+ (and therefore, PtdSer+) cell bodies over the 281 8-hour imaging session revealed higher numbers of PtdSer+ cells compared to those detected 282 by AO in the same imaging period ( Fig 5B) . This suggests that many apoptotic cells are 
293
The dynamics of apoptotic cell clearance as visualized by AO and PtdSer exposure indicate that 294 a soluble signal is likely involved in microglial sensing of apoptosis progression, because the 295 engulfment of the apoptotic cell is precisely timed to occur just prior to or to coincide with late 296 apoptosis (Fig 3-5 ). Release of nucleotides by dying cells provides one class of "find me" signal 297 that is sensed via purinergic receptors on phagocytes 56 , but this is better characterized in 298 systems of tissue injury or damage than in normally developing tissue. In particular, sensing of 299 ATP/ADP released by damaged cells via binding to the P2RY12 receptor on microglia has been 300 shown to be important for microglial responses to neuronal injury in the central nervous system in a variety of models 26,28 . In addition, nucleotide signaling may be involved with colonization of 302 microglia in the developing brain and retina downstream of developmental apoptosis 13 . We 303 hypothesized that purinergic signaling through P2RY12 is also involved in sensing cells 304 undergoing developmental apoptosis in the zebrafish retina. To test this idea, we used a highly 305 potent, specific, and direct acting pharmacological inhibitor of the P2RY12 receptor, PSB-0739 306 28,30,31 . The zebrafish blood-brain barrier remains permeable by the time of our studies 57 , as well 307 as the retinal hyaloid vasculature 58 . and until P2RY12 inhibition is applied embryos develop 308 normally. Thus, immersion in PSB-0739 inhibitor is a feasible approach for inhibiting P2RY12 309 signaling during the time of interest.
310
Transgenic mpeg1:mCherry embryos were immersed in PSB-0739 for 1 hour prior to 311 imaging, and live imaging was performed in the presence of PSB-0739 and AO (to detect 312 apoptotic cells, Movies 5 and 6, Fig 6) . In contrast to clearance observed in the retina of control 313 animals (where AO+ signal was only twice detected in isolation, discussed above, Fig 4) ,
314
inhibition of P2RY12 signaling resulted in the detection of several AO+ cells isolated from 315 microglia (Movie 5, Fig 6A) . We quantified and compared the total number of AO+ and PtdSer+ 316 cells in retinas from control and PSB-0739 treated embryos ( Fig 6B) . PSB-0739 increased the 317 number of late-stage apoptotic cells detected by AO, but did not significantly increase the 318 number of PtdSer+ cells (early apoptosis) in the developing retina over the course of treatment 319 and imaging ( Fig 6B) , indicating that P2RY12 inhibition prevented efficient apoptotic cell 320 clearance but did not increase overall levels of cell death. To more directly address microglial 321 clearance of apoptotic cells when P2RY12 signaling is inhibited, we next compared the comparable to that of PtdSer+ cells, but the phagocytic index of PtdSer+ cells was not 325 significantly affected by P2RY12 inhibition (Fig 6C) . In addition, the duration of PtdSer signal 326 from onset to engulfment was increased in the presence of PSB-0739 ( Fig 6D) . Collectively, these results indicate that we are observing apoptotic progression due to delayed, but not failed, 328 clearance of apoptotic cells by microglia when P2RY12 signaling is inhibited. However, it is 329 noteworthy that we occasionally observed instances, where in the presence of P2RY12 330 inhibition, PtdSer+ apoptotic cells were present for the entire 8-hour imaging session (Movie 6); 331 this was never observed in control movies where the longest time-to-clearance of a PtdSer+ cell 332 was approximately 220 minutes (~3.7 hours). Since we did not observe these cells longer than 
367
20 found increased numbers of apoptotic cells in the developing zebrafish brain when microglia 368 were depleted (using morpholino targeting of pu.1) and concluded that these increased 369 numbers support primarily a clearance, rather than a survival, role for microglia in the 370 developing CNS. In our work here, we show that in developing retinas with depleted microglial 371 populations, there is an accumulation of TUNEL+ cells that likely also represent uncleared 372 apoptotic cells (Fig 2) , though due to the remaining microglia, is difficult to conclude based on where microglial sensing of apoptotic cells is inhibited (Fig 6) , indicating that apoptosis 391 progresses even when microglial engulfment is delayed. Our in vivo real-time imaging using 392 these two different markers reveals that rather, microglial sensing and engulfment of apoptotic 393 cells in the developing retina is exquisitely timed so that phagocytosis of target cells occurs 394 upon, or even prior to, entry into late apoptosis.
395
In contrast to our observations in the retina (where we primarily observe apoptotic cell 396 movement only after microglial engulfment), apoptotic cells in the developing neural tube 397 themselves undergo directional movement to then arrive at phagocytic macrophages 46 . Also 
406
In particular, our live imaging studies suggest that in order to time apoptotic engulfment 407 precisely, a soluble mediator is involved in microglial localization of the apoptotic cell. We 
479
Fixation and preparation of embryos for retinal cryosections were performed as previously 480 described 80 . Briefly, embryos were fixed in 4% paraformaldehyde containing phosphate 481 buffered (pH=7.4) 5% sucrose for 1 hour at room temperature, then washed in phosphate 482 buffered 5% sucrose, and transferred through a graded series ending in 20% sucrose solution.
483
The following day, embryos were embedded in a 1:2 solution of OCT embedding medium 
490
For whole embryo TUNEL staining, embryos were collected into 4% paraformaldehyde in PBS 491 containing 0.05% Tween and fixed overnight at 4°C with constant rocking. The following day, 492 embryos were washed twice in PBS for 5 minutes each wash, then transferred to 50% methanol 493 (5 minutes), then 100% methanol (5 minutes), then into fresh 100% methanol. Embryos were 494 stored at -20C overnight then rehydrated the following day using the following graded series, for 495 5 minutes each at room temperature: 75% methanol:25% PBST, 50% methanol:50% PBST,
496
25% methanol:75% PBST, 100% PBST. After a second rinse in PBST, embryos were 497 transferred to 0.1% sodium citrate solution for 15 minutes at room temperature with agitation. 
524
The top and bottom of the eye was identified using DIC optics, and time-lapse images were 525 acquired using 5 µm z stacks (z, ~100 µm total z depth) obtained every 5 minutes (t) for 8 hours 526 total. Viability of imaged embryos was confirmed following the imaging session by viewing the 527 embryos under bright light and confirming that heartbeat and circulation appeared similar to that 528 of unimaged embryos of the same age. Only data acquired from viable embryos was used for 529 analyses.
531
Treatment with PSB-0739.
532
PSB-0739 (Tocris) is a non-nucleotide competitive antagonist of the P2RY12 receptor 30,31 and 533 is soluble in water. Following sorting for transgene expression and dechorionation as described 
541
imaging with SecA5-YFP transgenics, treatments were prepared following the same procedure 542 without the addition of Acridine Orange; the relevant volume was replaced with system water.
543
Embryos were mounted for live imaging as described above and immersed in treatment 544 solutions for the duration of imaging. Following the imaging session, viability of embryos was 545 confirmed as above.
547
Microscopy, image acquisition, and image processing. 
574
Images from whole eyes imaged on intact embryos were processed using FIJI (ImageJ). The 
